The productivity of plants and microalgae needs to be increased to feed the growing world population 12 and to promote the development of a low-carbon economy. This goal can be achieved by improving 13 photosynthesis via genetic engineering. In this study, we have employed the Modular Cloning strategy 14 to overexpress the Calvin-Benson cycle (CBC) enzyme sedoheptulose-1,7 bisphosphatase (SBP1) up 15 to 3-fold in the unicellular green alga Chlamydomonas reinhardtii. The protein derived from the 16 nuclear transgene represented ~0.3% of total cell protein. Photosynthetic rate and growth were 17 significantly increased in SBP1-overexpressing lines under high-light and high-CO2 conditions. 18
Introduction 32
An increased productivity of plants and microalgae is required to feed the growing world population 33 and to promote the development of a low-carbon economy. One way to increase plant and microalgal 34 productivity is to improve photosynthesis by genetic engineering. Arabidopsis thaliana, wheat, tomato, rice, soybean, and in the microalgae Synechococcus, Euglena 53 gracilis and Dunaliella bardawil. 54
Genetic engineering often is an iterative process essentially consisting of four steps: (i) the design 55 and manufacturing of a gene construct, (ii) its transfection into the target organism and the recovery of 56 transgenic lines, (iii) the screening for expressing transformants, and (iv) the readout of the trait to be 57 altered, on which basis the gene construct for the next cycle is designed. The cloning steps used to be 58 a time constraint, which was overcome by new cloning strategies like Gibson assembly or Modular 59
Cloning ( QconCATs consist of concatenated proteotypic peptides, an affinity tag allowing purification under 69 denaturing conditions and, optionally, amino acids like cysteine or tryptophan for easy quantification. 70
The QconCAT protein is expressed with a heavy label in E. coli from an in silico designed, codon-71 optimized synthetic gene cloned into an expression vector. A known amount of the QconCAT protein 72 is then added to the sample and, upon tryptic digestion, the heavy proteotypic peptides from the 73
QconCAT protein are released together with the corresponding light peptides from the parent proteins. 74
All QconCAT peptides are present in a strict 1:1 ratio at the concentration determined for the entire 75 protein. 
Measurement of oxygen evolution 100
Cells were inoculated in 50 ml TAP medium and grown overnight to early log phase. Oxygen 101 measurements were performed in the Mini-PAM-II (Walz, Germany) device using the needle-type 102 oxygen microsensor OXR-50 (Pyroscience, Germany). Before the measurements, the cell density was 103 determined, and an aliquot was taken to determine the chlorophyll concentration. The PAM chamber 104 was filled with 400 µl of Chlamydomonas culture and NaHCO3 was added to a final concentration of 105 30 mM. Cells were dark-adapted for 5 min and far-red light adapted for another 5 min. 
Screening of SBP1 overexpressing lines 132
Transformants were grown in TAP medium until mid-log phase and harvested by centrifugation at 133 13,000 g for 5 min at 25°C. Cells were resuspended in DTT-carbonate buffer (100 mM DTT; 100 mM 134 Na2CO3), supplemented with SDS and sucrose at final concentrations of 2 % and 12 %, respectively, 135 vortexed, heated to 95°C for 5 min, and centrifuged at 13,000 g for 5 min at 25°C. The chlorophyll 136 content was determined as described by (Vernon, 1960) . Total proteins according to 1.5 µg total 137
Chlamydomonas chlorophyll were loaded on a 12 % SDS-polyacrylamide gel and analyzed by 138 immunoblotting using a mouse anti-HA antibody (Sigma H9658, 1:10,000) for transformants with 139 SBP1-3xHA or a rabbit anti-SBPase antibody (Agrisera AS15 2873, 1:2,500) for SBP1-mStop. 140
Detection was done via enhanced chemiluminescence using the FUSION-FX7 device (Peqlab all strains, presumably because they were CO2 limited ( Figure 2C ). We found no differences in 220 chlorophyll content between the strains (t-test, p > 0.05, n=3). 221
Absolute quantification of all CBC enzymes in Chlamydomonas by the QconCAT strategy 222
We observed improved growth for the SBP1-mStop transformants but not for the SBP1-3xHA 223 transformants. We reasoned that this could have been due to higher SBP1 expression levels in the 224 former, or due to a negative effect of the 3xHA tag on the protein's function in the latter. To distinguish 225 between these possibilities and to elucidate whether SBP1 overexpression affected the expression of 226 the other ten CBC enzymes, we quantified the absolute levels of all CBC enzymes in the UVM4 227 recipient strain and the four SBP1-overexpressing transformants with the QconCAT strategy. With this 228 approach, using a single QconCAT protein (PS-Qprot), we already had determined the absolute cellular 229 quantities of the complexes involved in the photosynthetic light reactions and of the Rubisco rbcL and 230 RBCS subunits (Hammel et al., 2018). We designed a QconCAT protein (CBC-Qprot) that covered 231 each of the missing ten CBC enzymes with two or three proteotypic tryptic Q-peptides (Supplemental 232 Figure 1A ; Supplemental Dataset 1). These Q-peptides have been detected by LC-MS/MS in earlier 233 studies with good ion intensities and normal retention times. We had selected them before the d::pPOP 234 algorithm for predicting ionization propensities was available (Zimmer et al., 2018) and therefore some 235 peptides are not the very best choice (see d::pPop ranks and scores in Table 1 ). 236
The 47.9-kDa CBC-Qprot was expressed as 15 N-labeled protein in E. coli and purified via the 237 tandem-hexa-histidine tag at its C-terminus. The protein was further purified by preparative 238 electrophoresis on an SDS-polyacrylamide gel, followed by electroelution of the protein from the 239 excised gel band and spectroscopic quantification. Correct quantification and purity was verified by 240 separating the CBC-Qprot together with a BSA standard on an SDS-polyacrylamide gel and staining 241 with Coomassie blue (Supplemental Figure 1B) . The CBC-Qprot was then tryptically digested and 242 released peptides analyzed by LC-MS/MS using a short 6-min gradient (Supplemental Figure 1C ). The 243 latter shows that the Q-peptides separated with characteristic retention times and ion intensities. 244
Despite the strict 1:1 stoichiometry of the peptides, the areas of the extracted ion chromatograms 245 (XICs) varied by a factor of up to 370. 246 were mixed with 20 µg of ( 14 N) whole-cell proteins extracted from samples of UVM4 and the four 248 transformants taken 22 h after inoculation in the experiment shown in Figure 1A (early log phase). We 249 employed only one preparation of the QconCAT proteins, but up to six independent samples of 250
Chlamydomonas cells. Mixed proteins were precipitated with acetone, followed by tryptic digestion in 251 urea and LC-MS/MS analysis on 45-min analytical gradients. The ion chromatograms of heavy Q-252 peptide and light native peptide pairs were extracted, XICs quantified, and ratios calculated 253 (Supplemental Dataset 2). 254
Based on the Q-peptide to native peptide ratios and the known amounts of spiked-in QconCAT 255
proteins, the abundances of the native peptides in the sample were calculated (in femtomoles per µg 256 cell protein) (Supplemental Dataset 2). We determined that a Chlamydomonas UVM4 cell contains 257 27.6 ± 1.7 pg protein (SD, n = 6), which allowed us to calculate the absolute amount of each peptide 258 in attomol per cell (Table 1) . We used the median of all quantification values of the 2-3 Q-peptides per 259 protein (23 to 72 values) to get an estimate for the abundance of each CBC protein per cell (Table 1) . 260
Moreover, based on these median values and the molecular weight of the mature proteins, the fraction 261 of each target protein in the whole-cell protein extract was estimated ( (Table  287 2). Although the growth conditions differed slightly between the two studies, metabolite levels do not The one-step, modular assembly of multiple genetic parts allowed generating complex constructs 305 rapidly and with variations: one coding for SBP1 with a 3xHA tag and one lacking any tags. This 306 double strategy was well chosen, as the variant with a C-terminal 3xHA tag did not result in enhanced 307 photosynthetic rates and biomass production, while the variant lacking a tag did (Figures 2A and 2B) . 308
In the two transformant lines tested for each construct, tagged SBP1 was overexpressed 1.6 to 1.7-fold 309 while the untagged form was overexpressed ~2.2-and ~3-fold (Figure 3 ). Therefore, it is possible that 310
in Chlamydomonas SBPase must be expressed to levels higher than 1.7-fold to improve the 311 photosynthetic rate. Alternatively, the C-terminal 3xHA tag interfered with SBP1 function. We favor 312 the latter explanation, because SBPase overexpression giving rise to at most 2-fold increased activities 313 already had positive effects on photosynthetic rates and biomass accumulation in tobacco (Lefebvre et  314 The iBAQ-based ranking of protein abundances exactly reflects the quantities of the more 366 abundant CBC enzymes determined here by the QconCAT approach (Table 2 ). Only the low-367 abundance CBC enzymes RPE1, RPI1 and TPI1 were ranked by iBAQ in the opposite order of their 368 abundance determined by the QconCAT method. Most likely, this is due to the impaired accuracy of 369 the iBAQ approach for less-abundant proteins (Soufi et al., 2015) . 370
The absolute quantities determined by Mass Western roughly matched those determined with 371 the QconCAT approach, except for RBCS, PGK1 and SBP1, which were 24.6-fold, 7.7-fold, and 13.3-372 fold lower (Table 2) densitometry on Coomassie-stained SDS-gels and was used to normalize the emPAI-derived 377 quantification values of the other CBC enzymes. The estimated abundance of rbcL matches that 378 determined here via the QconCAT approach (Table 2) . However, the emPAI-derived values for the 379 other CBC enzymes are much higher than those determined by QconCAT (up to 34.5-fold higher for 380 PRK1). A likely cause for this strong overestimation is that proteins of very high abundance tend to 381 exhibit a saturated emPAI signal (Ishihama et al., 2008) . Consequently, the range of concentrations of 382 CBC enzymes is much larger than estimated earlier. For example, the difference between the most 383 abundant CBC protein rbcL and the least abundant TPI1 is 128-fold rather than only 7-fold (Table 2) . 384
The strong overestimation of many CBC enzymes by the emPAI approach challenges the conclusion 385 that many CBC intermediates are present at concentrations that are far lower than the estimated binding 386 site concentration of the enzymes for which they act as substrates (Mettler et al., 2014 
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